Abstract. One of the key challenges of designing low-cost Unmanned Aircraft Systems (UAS) is to ensure acceptable and certifiable reliability factors for the adopted Commercial-off-the-Shelf (COTS) components since their reliability is often not quantified. In this paper, the experimental results obtained for quantifying the reliability of mini Unmanned Aircraft (UA) servomotors (by recording their time-to-failure on a defined set of test runs) are presented. The Weibull prediction model is adopted for quantitative analysis and the associated key mathematical models. The methodology adopted for performing the reliability analysis including the test bench setup used for the experiments is described. The results indicate a level of reliability expected for low-cost servos. Such servos could be used for low-risk UAS operations (e.g. small UA operating over sparsely populated regions) and where the economics of the business case permitted higher loss rates.
Introduction
Unmanned Aircraft (UA) are being used in an increasing number of civil and military applications. In order to integrate them into civil airspace, reliability has to be ensured for the components used. Reliability is a key factor in the certification process to assess the safety of the UA. At present, the number of failures per flight of UA is higher than those of conventional manned aircraft [1] . A phenomenal number of UA mishaps are caused by flight control systems, propulsion and operator errors [2] . There has been an increasing number of Commercial-off-the-Shelf (COTS) UA components like autopilots, airframes and sensors [3] . The assessment of the overall UA reliability is critical since many of these COTS products lack essential reliability information. The focus of this research is on evaluating the reliability of the components employed in mini UA. Mini UA are typically below 2.4 kg, capable of being hand launched and larger than micro UA, which have a wing span below 150 mm [4] . Table 1 summarises the currently adopted UA types based on Maximum Take-Off Weight (MTOW). 
Servomotors and Reliability
Reliability is defined by the US military as "the probability that an item will perform its intended function for a specified interval under stated conditions" [7] . Reliability has been analysed in detail for a number of applications as in [7, 8] . Reliability can be quantified in a number of ways including failure probability, failure rate and Mean-Time-Between-Failures (MTBF). MTBF is defined as the average time a system will be in operation until a failure occurs or the reciprocal of the failure rate. The MTFB is given by:
The overall reliability of a system is affected by the reliability of its subsystems. Reliability tests broadly fall under three categories namely; development and demonstration testing, qualification and acceptance testing and operational testing [9] . Test to failure is adapted as the testing method and all the components are tested until they failed. The feedback of the adopted servomotors arm position is a width-modulated pulse signal [6] . Brushless DC motors used in the servomotors have a higher reliability than their brushed counterparts since the brushes are prone to erosion on the commutator. The servomotors being tested as part of this research are used for the Flight Control System (FCS) of the mini UA.
Failure Rate Model
The Weibull model is one of the most commonly used lifetime distributions in reliability engineering [10] . The primary advantage of the Weibull analysis is that it provides accurate failure estimation even with relatively small samples [11] . The reliability function is given by: = .
(
The Cumulative Density Function (CDF) and Probability Density Function (PDF) are expressed as:
where is the Weibull shape parameter, is the Weibull scale parameter corresponding to the time when 63% of the sample fail and t is the time frame. Weibull distributions can flexibly represent a wide range of other distributions including exponential, normal, Rayleigh, Poisson and Binomial [12] . However, a single Weibull curve is not able to represent all the three stages namely increasing, decreasing and constant value, of a Bathtub-shaped Failure Rate (BFR) [13] . The US military handbook on reliability prediction of electronic equipment [7] uses two Weibull parameters to model equipment reliability and the prediction failure rate, [failures/10 6 hours] is expressed as:
where is the Weibull characteristic life for motor bearings and is the Weibull characteristic life for motor windings. Assuming the standard of 2.3x10 -5 failures/flight hour, equal to a MTBF of 43478 hrs time, we obtain = 9.5810 failures/10 6 hours. The failure is defined as the condition at which the servomotor is no longer able to lift the weights at the set frequency. The failure mode is determined via visual inspection once the failure has occurred. Bearing failures produce a complete loss of function to the servomotor. Ball bearings and sleeve bearings are the most common type of bearings used in motors. Worn bearings, vibration, over-currents and unclean potentiometers are some of the causes for the failures to occur, in addition to wear and tear of the components.
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Methodology Success run testing is performed when all components are expected to survive the testing with zero failures. Success run testing is used to validate a particular reliability criterion, when no failures are expected to occur during the time constrained testing. The number of samples needed for a success run test is determined and based on a binomial distribution with p representing the probability of failure, the probability of obtaining k bad items and (n-k) good items is given by [10] :
Reasonable values of 80% reliability at a confidence C level of 50% were assumed, leading to a sample size of seven with the actual confidence level at 52% and the confidence level expressed as:
= − (7)
All components were run continuously until failure and time to failure is recorded. A dedicated MATLAB TM script allowed variations for inputs to the servomotor, namely the cycle frequency and update rate. The number of runs is dependent on the power requirements. In conditions wherein a number of runs were required for a component, the order is randomised to reduce the effect of any unknown variables. Ambient temperature was also logged due to its effect on insulation life and increasing the resistance of conductors. The highest update rate was chosen to provide the servomotors with a more fluid continuous motion while in cycle. By operating the servomotors at their maximum voltage, the servomotors were operated under a higher stress. This reduced the time required to conduct the experiment as the time to failure is a function of stress. The cycle frequency of the servomotors is selected as the lowest frequency possible to allow the servomotors to reach the entire range of angle values, even under load conditions. The load conditions were chosen to represent the forces that could be expected on the mini UA and the test torque, τ is given by:
where = 30° is the control surface angle from neutral, = 45° is the servomotor arm angle from neutral, = 28.6 g/mol is the molecular weight of air, p is the air pressure, = 60 mm is the chord, = 440 mm is the length of the control surface, = 40 m/s is the airspeed, is the temperature in °C and is the ideal gas constant and equals 8. . Adopting the characteristics of a small-size UA like the JAVELIN [14] , a torque ( ) of 497 g.cm is obtained for a max speed of 40 m/s. The obtained aileron torque and surface deflection are compared as illustrated in Fig. 1 . The overall assumptions associated with the defined methodology are: ambient conditions including sea level, zero humidity and temperature of 12°C, zero accelerations and angular velocities, the angle of attack of the wing, stab, fuse and the control surfaces is zero, control linkages have zero offset at hinge line, frictionless control mechanisms, mass-balanced surfaces and nil aerodynamic counterbalances. 
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Test Bench
A section of stock right-angle aluminium bar attached to a wooden board was used as the test rig for the servomotor. A terminal block was also attached to the board secured to a table by G-clamps for connecting the power supply and motor signal source. The servomotor test rig, illustrated in Fig.  2 , was designed to enable the servomotors to be attached on their side and thus allowed it to lift the loads up and down the side of the table.
Figure 2: Test bench
Seven HK15148B digital servomotors [15] were used for the test as illustrated in Fig. 3 and its specifications and dimensions are detailed in Table 2 . Additionally, a GWInstek SPS3610, a Manson NP-9615, 5m of 5.2 kg finishing wire, seven weights of 500 g each, a microcontroller, a laptop computer, a webcam, three breadboard jumper wires and three crocodile clips were used. A webcam with a resolution of 640x480 pixels was used to monitor the test and was controlled by a python script. Three Frames Per Second (FPS) rate is chosen based on the parameters of servomotor period (1 s) and the size of the video file used. 
Results
Recorded failure times and the corresponding time-to-failure are listed in Table 3 . The resulting logarithmic plot of the Weibull model fit is illustrated in Fig. 4 ) illustrate the resulting CDF and PDF for the tested servomotors, respectively. Analysis of the failed servomotors provides insight on the reason for the failures. The scale parameter of the Weibull function being below one indicates that the failure rate decreases over time and that there is significant quick failure rate in the servomotors with five out of seven failing in less than 24 hours. The resulting MTBF for the servomotors is incompatible with the requirement for manned aircraft and significantly lower than 43478 hrs estimate based on military handbook [7] . Reliability is one of a number of factors influencing the risk UAS pose to people and property on the ground. Assuming a servo failure is "catastrophic" (i.e. resulting in a loss of control of the air vehicle), then the reliability results indicate a level of reliability expected for low-cost servos. Such servos could be used for low-risk UAS operations (e.g. small UAS operating over sparsely populated regions) and where the economics of the business case permitted higher platform loss rates.
Conclusions and Future Work
The experimental activities performed for assessing the reliability of low-cost COTS servomotors employed in mini Unmanned Aircraft (UA) were presented. The time-to-failure was recorded with the servomotors subject to severe loads for the entire range of operations. A Weibull model was adopted to obtain the failure rate profile. Additionally, the methodology and the test bench used were presented. Though the low cost COTS servomotors are not compatible with the applicable standards for certification, it is deduced that the reliability parameters could be sufficient to fulfil the requirements of low-risk UA operations (e.g. small UA flying over sparsely populated areas). Future research will address the introduction of COTS components in a variety of avionic and flight systems including Sense-and-Avoid [17] , electrical power generation/distribution and storage, laser obstacle avoidance and monitoring [18] , integrated navigation and guidance [19] and integrity augmentation systems.
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